Abstract-Levels of ( j )-epicatechin in tea cultivars resistant to blister blight leaf disease were significantly higher than those in susceptible cultivars, while the reverse was true for ( j )-epigallocatechin gallate, suggesting that epicatechin was involved in the resistance mechanism. The content of the methylxanthines, caffeine and theobromine, in the leaf increased in the initial translucent stage of the disease, probably as a defense response to fungal attack. Epicatechin and epigallocatechin levels were less than in healthy tissues at this stage, but increases in the corresponding gallate esters suggested that they were being converted into esters. Although epicatechin and epigallocatechin levels decreased from translucent to mature blister stages, the decrease was not significant. The decrease in levels of epicatechin, epigallocatechin, and their esters on infection and the formation of cyanidin and delphinidin on oxidative depolymerization of the blisters suggests that proanthocyanidins may play a role in the defense mechanism. The high resistance of a purple green leafed cultivar is attributed to the additional catechin source provided by the high levels of anthocyanins present.
pletes its life cycle of 11Y28 d in the tea leaf (Gadd and Loos, 1948; Agnihothrudu and Moulli, 1991) . The initial symptoms of the disease are lime green translucent spots, which appear 6Y9 d after the infection. These spots develop into blisters that are ruptured releasing spores at the completion of the life cycle.
Tea cultivars have been categorized as resistant and susceptible to blister blight (Balasooriya et al., 1996) , and some morphological and anatomical characters have been correlated with resistance (Martosupono, 1991) . Little attempt has been made to correlate resistance with the chemical composition of tea leaf, although changes in saccharide metabolism (Pius et al., 1998) and increased activity of polyphenol oxidase and peroxidase, and decrease in chlorophylls and carotenoids (Rajalakshmi and Ramarethinam, 2000) induced by blister blight infection have been shown. A preliminary report (Nagahaulla et al., 1996) discusses the formation of phytoalexins, probably polyphenolic in nature, on blister blight infection. The variation in chemical composition and the quality of tea with increasing severity of blister blight has also been studied (Gulati et al., 1999) .
Polyphenols are the major chemical constituents of tea, with the catechins being predominant. The role of phenolic substances in disease resistance is well documented (Vidhyasekaran,1988; Nicholson and Hammerschmidt, 1992) . Polyphenols are fungitoxic and antibacterial, with varying levels of toxicity to spore germination, mycelial growth, and fungal enzyme production (Vidhyasekaran, 1988) . Caffeine has been shown to play a role in the resistance of tea to attack by the shot-hole borer, Xyleborus fornicatus (Kumar et al., 1995) .
The present study was initiated to investigate the role, of flavan-3-ols (catechins) and methylxanthines on preformed or induced chemical resistance of tea leaf against E. vexans.
METHODS AND MATERIALS
Plant Material. Tea plants were grown in experimental plots at the Tea Research Institute of Sri Lanka, Talawakelle, Sri Lanka. The plants were raised by vegetative propagation using standard procedures (Kathiravetpillai and Kulasegaram, 1986) . Tender tea leaves (two apical leaves and the bud) from each tea cultivar, which belong to E. vexans resistant (DT1, TRI777, TRI2043,  N2, TRI4067, TRI4052, NAY3, and TRI3073) and susceptible (TRI2025,  TRI2024, TRI2023, TRI62/5, TRI3015, TRI3014 , and TRI62/1) groups, were used for comparison of catechin and caffeine contents.
Plants selected for the infection study were those in an experimental plot that contained about 50 plants. They were naturally infected with E. vexans during the rainy season. About 100 leaves were randomly harvested, imme-diately brought to the laboratory, and sorted into those that were healthy and those in the three stages of infection-translucent spot stage, mature blister stage 1 (convex lesions which are green in color), and mature blister stage 2 (convex lesions which are white in color due to sporulation). Leaf discs cut from each of the stages or leaves, depending on the requirement, were transferred to glass tubes and stored at j 20-C until use within 48 hr.
Extraction and HPLC Analysis of Catechin and Methylxanthines. Analysis was carried out according to ISO procedure (ISO/TC34/SC8; ISO, 1999) . Tender tea leaves (10 g) from each cultivar or leaf discs (1 g) from infected material were plunged into boiling 70% aqueous methanol and boiled for 10 min. The extract was cooled and homogenized for 3 min using a top-drive macerator (Ultra-Turrax, USA). The homogenate was centrifuged (4000 rpm Â 15 min), and the supernatant was decanted into a volumetric flask (100 ml). The residue was reextracted with the solvent (40 ml), centrifuged, and the supernatant was transferred to a volumetric flask. The volume of the pooled extract was increased up to 100 ml with 70% aqueous methanol. After tenfold dilution, the sample was filtered through 0.45-mm filter, and 10 ml of this were injected into the high-performance liquid chromatography (HPLC) system (Waters Alliance 2690XE Separation module coupled to a Waters 996 photodiode array detector (PDA) and Waters Millennium 32 data system). The analysis was replicated eight times. Standards of caffeine, theobromine, (+)-catechin, ( j )-epicatechin, ( j )-epigallocatechin, ( j )-epigallocatechin gallate, and ( j )-epicatechin gallate (Sigma, St. Louis, MO, USA) were prepared. A phenomenex phenyl hexyl column (4.6 Â 250 mm) and a linear gradient with mobile phases A (9% acetonitrile containing 2% acetic acid) and B (80% acetonitrile) were used for the separation.
Histochemical Staining of Infected Leaf Tissues. A tea leaf infected with E. vexans was rinsed with distilled water and soaked in ethanol/glacial acetic acid (3:1 v/v) for 30 min. The decolorized leaf was stained with vanillin (5% vanillin in ethanol/4 N HCl; Broadhurst and Jones, 1978) and 4-dimethylaminocinnamaldehyde (0.3% DMACA in methanol/6 N HCl, Li et al., 1996) for 20 min at 25-C. Excess stains were washed away with distilled water, and the leaf was observed for color changes. The staining was replicated eight times, and a suitable specimen was chosen for photographic record.
Determination of Proanthocyanidins in Infected and Healthy Leaf Material. Oxidative cleavages were carried out as described by Porter et al. (1986) using leaf discs (1 g) from healthy tea leaves and the infected area of three stages of blister blight infected leaf tissues. The leaf tissues (1 g) were homogenized with 70% acetone (containing 0.1% ascorbic acid). The extract was centrifuged and the volume of the supernatant was increased up to 10 ml with the extracting solvent. To an aliquot of the above extract (1 ml), BuOH/ concentrated HCl (95:5 v/v, 5 ml) and iron reagent [2% NH 4 Fe(SO 4 ) 2 IH 2 O in 2 M HCl, 0.2 ml] were added. The resultant solution was placed on a water bath and heated at 95-C for 40 min, cooled, and decanted into a volumetric flask, and the volume was increased up to 10 ml with BuOH/HCl (95:5 v/v). A small aliquot was filtered through 0.45-mm filter (Millipore, USA), and 10 ml were injected into the HPLC system. The experiment was replicated twelve times. Calibration curves were constructed using standards of cyanidin and delphinidin (Carl Roth Gmbh, Germany).
Determination of Moisture Content. The moisture content of leaf samples was determined by drying at 103-C for 6 hr (ISO 1573 (ISO , 1980 .
Identification of Anthocyanidins in TRI2043. Tender leaves (50 g) from the cultivar TRI2043 were homogenized with methanol containing 0.01% HCl (100 ml). The extract was centrifuged (4000 rpm, 10 min), and the volume of the supernatant was increased up to 100 ml with the extracting solvent. To an aliquot (5 ml) of the above homogenate, 2 N HCl (5 ml) were added, and the mixture was heated on a water bath at 95-C for 2 hr. The acid hydrolyzate obtained was analyzed initially by thin-layer chromatography (TLC) and paper chromatography and then by HPLC. An aliquot (50 ml) was chromatographed on analytical cellulose TLC plates (20 Â 20 cm, E. Merck, Germany) and on Whatman no. 3 paper (Whatman Inc, USA) using acetic acid/water/HCl (30:10:3, Forestal solvent system, Harborne, 1967) as eluent in both cases. The chromatographic bands were separately removed, dissolved in methanol containing 0.01% HCl, and spectroscopically analyzed (Cintra-5-UVYVisible Spectrophotometer, GBC, Australia). An aliquot (10 ml) of the acid hydrolyzate was filtered through a 0.45-mm filter (Millipore, USA) and injected into the HPLC system. The anthocyanidins, cyanidin and delphinidin, were detected at 520 nm.
Statistical Analysis. Student's t-test was performed to identify the difference between the two means against the critical difference (LSD) using Statistical Analysis System Software, USA. GLM procedure was conducted to identify any significant difference among healthy, translucent, and mature blister stages for the catechins and methylxanthines, and Duncan's multiplerange test was used for the mean separation.
RESULTS AND DISCUSSION
A study of the flavan-3-ol and caffeine content of resistant and susceptible tea cultivars showed that significantly higher levels of ( j )-epicatechin (22.4 mg/g) were present in cultivars of tea resistant to blister blight compared with those in susceptible cultivars (11.3 mg/g) ( Tables 1 and 2) . A significantly higher level of ( j )-epigallocatechin gallate was present in susceptible cultivars compared with resistant cultivars. No significant differences were seen among cultivars in (+)-catechin, ( j )-epigallocatechin, ( j )-epicatechin gallate, or caffeine. Resistant cultivars with higher levels of epicatechin had lower levels of epigallocatechin gallate.
The resistance of apple cultivars (Treutter and Feucht, 1990) to Venturia inaequalis, and avocado Prusky, 1996) to anthracnose have been attributed to high levels of epicatechin, suggesting that epicatechin may be directly or indirectly involved in the resistance mechanism of tea against blister blight. Analysis of leaf material for flavanols and methylxanthines showed that significant changes occurred in flavan-3-ol and methylxanthine during infection. No significant difference was observed in catechin and methylxanthine between a disc sample (1 g) cut from fresh leaf and a similar sample from the same leaf stored at j 20-C for 48 hr. The methylxanthines, caffeine and theobromine, increased significantly during the translucent stage of the disease, but the increase was not significant thereafter (Figure 1 ). The increase in methylxanthine at the first stage of infection could be the initial defense response of the plant to fungal attack, as reported to occur in infestation of tea by the shot-hole borer beetle, Xyleborus fornicatus, (Kumar et al., 1995) and in fungal attack on cocoa leaves (Aneja and Gianfagna, 2001) .
Epicatechin and epigallocatechin significantly decreased upon infection (Figure 2 ). Epicatechin levels decreased in the translucent stage when compared with healthy tissues. A twofold reduction of epigallocatechin levels (from 42 to 21 mg/g) was observed in the translucent stage of the infection. However, the observed decrease in epicatechin and epigallocatechin content from the translucent stage to the mature blister stage was not significant. The content of epicatechin gallate and epigallocatechin gallate increased at the translucent stage of infection, but the increase was significant only for the former. The content of the gallate esters, however, decreased significantly during the mature blister stage (Figure 3) .
Histochemical staining of tea leaves with vanillin reagent (Broadhurst and Jones, 1978) and 4-dimethylaminocinnamaldehyde (DMACA) reagent (Li et al., 1996) gave evidence for the accumulation of proanthocyanidins in the infected areas of the leaf tissue. Vanillin reagent produced the deep red color characteristic for flavan-3-ols or proanthocyanidins, and the blue green color shown by DMACA (Figure 4 ) indicated that proanthocyanidins were formed on infection. DMACA has been shown to be more sensitive to soluble proanthocyanidins (Joseph et al., 1998) , reacting only with the terminal units of proanthocyanidins (Rohr, 1999) . Acid-catalyzed oxidative depolymerization of proanthocyanidins to the anthocyanidins, cyanidin, and delphinidin has been used to detect proanthocyanidin levels in plants (Porter et al., 1986) . Depolymerization of infected tissue gave higher levels of cyanidin and delphinidin compared with healthy tissue (Figure 5) .
It has been suggested that catechins condense with flavan-3,4-diols to give proanthocyanidins, which are known to be fungitoxic (Rao and Rao, 1986; Winkel-Shirley, 2002) . The observed reduction in catechin levels and increase in proanthocyanidin levels on infection suggest a possible role for proanthocyanidins in the defense mechanism.
Of the cultivars studied here, TRI 2043 is the most resistant cultivar to blister blight. Substantially higher amounts of cyanidin and delphinidin were formed during the acid hydrolysis of the extract of the purple green leaf of this cultivar when compared with other cultivars. The identities of the anthocyanidins were confirmed by comparing their ultraviolet (UV)Yvisible spectra, paper chromatography, TLC, and HPLC values (Harborne, 1958 (Harborne, , 1967 with those of standards. The color of the leaf was, therefore, attributed to the presence of high levels of anthocyanins. The higher tolerance of this cultivar may be explained as being due to the enhanced levels of catechins, which are proanthocyanidin precursors formed from the anthocyanins.
The increase in epicatechin gallate at the translucent stage could be due to the conversion of epicatechin into its gallic acid ester upon infection, since the translucent stage is accompanied by a significant decrease in epicatechin content. Similar observations were seen with epigallocatechin gallate and epigallocatechin content, although the increase in the former at the translucent stage was not significant (Figure 3 ). The increase in gallic acid esterification is important, as gallic esters of catechins have higher antibacterial, antiviral, and antioxidant activity than catechins (Kajiya et al., 2001 (Kajiya et al., , 2002 . The decrease in catechin observed in the mature stage may be ascribed to the utilization of catechins for the formation of proanthocyanidins.
Epicatechin appears to play an important role in the resistance mechanism of tea against blister blight disease, while methylxanthines may play a role during initial attack by the fungus, E. vexans. The high resistance of the cultivar TRI 2043 is attributed to the high level of anthocyanins present.
